Both observational data analysis and model simulations suggest that convective momentum transport (CMT) by cumulus convection may play a significant role in the intraseasonal oscillations (ISO) by redistributing atmospheric momentum vertically through fast convective mixing process. The authors present a simple theoretical model for the ISO by parameterizing the cumulus momentum transport process in which the CMT tends to produce barotropic wind anomalies that will affect the frictional planetary boundary layer (PBL). In the model with equatorial easterly vertical wind shear (VWS), it is found that the barotropic CMT tends to select most unstable planetary-scale waves because CMT suppresses the equatorial Ekman pumping of short waves, which reduces the shortwave instability from the PBL moisture convergence and accelerates the shortwave propagation. The model with subtropical easterly VWS has behavior that can be qualitatively different from the model with equatorial easterly VWS and has robust northward propagation. The basic mechanism of this northward propagation is that the CMT accelerates the barotropic cyclonic wind to the north of ISO, which will enhance the precipitation by PBL Ekman pumping and favor the northward propagation. The simulated northward propagation is sensitive to the strength and location of the seasonal-mean easterly VWS. These results suggest that accurate simulation of the climatological-mean state is critical for reproducing the realistic ISO in general circulation models.
Introduction
The intraseasonal oscillation (ISO) with a 30-90-day time scale is an important mode in the tropical atmosphere, which is dominated by the boreal winter Madden-Julian oscillation (MJO) and boreal summer ISO (BSISO). The ISO has large impacts on a wide variety of climate phenomena across different spatial and temporal scales, for example, the onset of some El Niño events (Moore and Kleeman 1999; Zhang 2005) , the Pacific-North American (PNA) pattern (Mori and Watanabe 2008) , and the Arctic Oscillation (Zhou and Miller 2005) . The northward propagation of the BSISO is closely related to the active and break periods of the Indian summer monsoon (Annamalai and Slingo 2001) .
The ISO always appears as a planetary-scale oscillation, and many studies have been carried out to explain this scale selection. For example, the longwave approximation in the planetary boundary layer (PBL) moisture convergence (Wang 1988; Wang and Rui 1990) , the role of nonlinear heating in the RossbyKelvin wave system coupled by the PBL moisture * Earth System Modeling Center Contribution Number 0042.
convergence (Wang and Xue 1992; Li and Zhou 2009) , the large surface friction and strong momentum diffusion of the short waves in the troposphere , the thermodynamics in the moisture mode (Sobel and Maloney 2012, 2013) , and the scale interaction between the ISO and synoptic-scale waves (Wang and Liu 2011; Liu and Wang 2012b) all can select the planetaryscale oscillation of ISO.
The ISO also shows prominent seasonal variation (Madden 1986; Wang and Rui 1990; Zhang and Dong 2004; Kikuchi et al. 2012 ). In the boreal winter, the planetary-scale, eastward-propagating MJO dominates over the tropical Indo-western Pacific (Madden and Julian 1971, 1972) . In the boreal summer, the northward-/ northeastward-propagating BSISO dominates over the Indian Ocean (Yasunari 1979; Annamalai and Sperber 2005; , and the northward-/ northwestward-propagating BSISO dominates over the western North Pacific (Murakami 1984; Kemball-Cook and Wang 2001) . The land surface heat fluxes (Webster and Holton 1982) , the interaction between convection and moist stability (Gyoswami and Shukla 1984) , the air-sea interaction (Kemball-Cook and Wang 2001) , the interaction between baroclinic and barotropic vorticity forced by vertical wind shear (VWS) (Wang and Xie 1997; Jiang et al. 2004; Drbohlav and Wang 2005) , and the beta shift (Boos and Kuang 2010) mechanisms have been presented to explain this northward propagation of the BSISO. In the ERA-Interim reanalysis and the super parameterized Community Climate System Model (SP-CCSM), the boundary layer moisture advection and the barotropic vorticity effect are found to be the dominant mechanisms for the northward propagation (DeMott et al. 2013) .
Convective momentum transport (CMT) is also found to be important for the ISO. Convection not only provides heating to the atmosphere but also redistributes the atmospheric momentum vertically through relatively fast convective mixing processes. The CMT by cumulus convection may be a positive feedback in the MJO, and the kinetic energy is transferred upscale from subgrid systems to the large-scale zonal flow during the westerly onset phase of the MJO (Wu and Yanai 1994; Tung and Yanai 2002a,b) . Recently, some general circulation model (GCM) experiments showed that the CMT by cumulus convection is important for the simulation of northward propagation of the BSISO (Kang et al. 2010, hereafter K10) , and their results showed that, among the models that Sperber and Annamali once used (Sperber and Annamalai 2008) , most models with the CMT are able to simulate the northward propagation, but all of the models without the CMT fail to reproduce the northward-propagating signal. This conclusion, however, needs to be validated by more modeling studying in the future, since many GCMs considering cumulus momentum transport still cannot simulate the northward propagation of the BSISO. In K10, two experiments with and without the CMT were also compared by using the ocean-atmosphere coupled GCM of Seoul National University; the results showed that the experiment with the CMT can simulate the northward propagation of the BSISO while the experiment without the CMT cannot.
To explain why the model with (without) the CMT can (cannot) simulate the northward propagation, K10 presented one mechanism: the lower-level convergence to the north of convection, which is induced by the secondary meridional circulation associated with the baroclinic CMT under the easterly VWS, contributes to this northward propagation. However, the assumption of zonal symmetry in this mechanism cannot represent the role of waves, and the baroclinic CMT-induced northward propagation of the zonally symmetric rainband is too weak; it has a phase speed of 0.28 day 21 only.
In observations, the northward-propagation speed of the ISO is about 0.758 day 21 over the Indian Ocean (K10). The work of K10 was based on the 2-layer baroclinic framework and the instability in their model was generated by slightly negative moisture static stability, so the role of barotropic mode could not be studied. The CMT by cumulus convection actually has a strong barotropic component (Schneider and Lindzen 1976) . While its barotropic structure has also been found in the observation (Oh et al. 2015 ) and in the model simulation (Miyakawa et al. 2012) , the role of barotropic CMT has not been studied before. Thus, we try to understand the role of barotropic CMT by cumulus convection using a theoretical ISO model in this study. The remainder of the paper is organized as follows. A theoretical 2.5-layer model of the ISO is presented in section 2. This section also introduces the barotropic CMT processes. In section 3, analytical solutions under different easterly VWSs are presented to illustrate the role of CMT. In section 4 the initial value problem has been calculated to study the role of CMT in the northward propagation of the ISO. Some discussion and concluding remarks are given in section 5.
2. The moist wave dynamical model with barotropic CMT
a. Physical consideration
The essential dynamics of ISO involves coupling both wave dynamics and moisture processes (Wang and Rui 1990; Wang and Xie 1997; Sobel and Maloney 2012, 2013 ). The theoretical model used in this study is based on the 2.5-layer model (Wang and Rui 1990) and the ISO skeleton model of Majda and Stechmann (Majda and Stechmann 2009) , in which the PBL moisture convergence is a moisture source for the free troposphere, and the steady PBL model is used. To represent the moisture processes, we added the tendency of moisture perturbation into the moisture equation. Since the moisture processes are included now, we have to parameterize the precipitation P. In the observation, specifically on the planetary/intraseasonal scales, several studies have shown that the lower troposphere tends to moisten during the suppressed convection phase of the MJO, and that lower-tropospheric moisture leads to MJO's heating anomaly (Myers and Waliser 2003; Kikuchi and Takayabu 2004; Kiladis et al. 2005; Tian et al. 2006) . Thus, in the model, the tendency of precipitation is assumed to be proportional to the moisture perturbation q (Majda and Stechmann 2009) .
Cumulus convection tends to mix the winds in the vertical direction quickly (Wu and Yanai 1994) . In the NCEP/Department of Energy (DOE) Reanalysis II (Kanamitsu et al. 2002) , the climatological mean summer (June-September) zonal wind over India and the Indian Ocean region (58-258N) has strong upper-level easterly winds and lower-level westerly winds, which gives a strong easterly VWS (Figs. 1a-c) . This easterly VWS also exists over the Indo-western Pacific in the boreal winter (Figs. 1d-f ). The convection transports momentum to the upper level that has a strong barotropic component (Kang and Held 1986) . In this work we mainly focus on the barotropic mode of CMT. Through the parameterization of vertical transport of momentum by cumulus clouds (Schneider and Lindzen 1976) , the linear barotropic CMT is proportional to the upward wind anomaly and the seasonal-mean VWS. Under the easterly VWS, the upward (downward) motion of wet (dry) phase of ISO will mix the westerly (easterly) wind of VWS and produces additional barotropic westerly (easterly) wind forcing. Following the parameterization of Kang and Held (Kang and Held 1986) , we parameterize the barotropic CMT by assuming that the CMT is proportional to precipitation and VWS (i.e., CMT 5 2sUP). Here, s 5 1:25, the dimensional value of which is 0.5 cm
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, and it is reasonable for typical precipitation having a value of 2.4 mm day 21 on the intraseasonal time scale (Zhou and Kang 2013) . The formula U 5 (U 1 2 U 2 )/2 denotes the VWS, which is positive (negative) for westerly (easterly) VWS.
b. Model formulation
The seasonal-mean flows are found to be important for the ISO (Wang and Xie 1997; Jiang et al. 2004; Drbohlav and Wang 2005) . In a perturbation model based on balanced mean flow, the seasonal-mean flows should be included in the momentum equations (Wang and Xie 1997) . To focus on the role of the barotropic CMT, the advection term that plays a critical role in the northward propagation of ISO is neglected.
In observations, the ISO shows a dominant baroclinic mode with maximum diabatic heating occurring at the midtroposphere and strong circulation at the upper and lower troposphere (Madden and Julian 1972, 1994; Zhang 2005) . Without considering the complicated multicloud vertical structure of the ISO, the ISO can be driven by the midtropospheric diabatic heating, which excites a circulation on the first baroclinic mode (Khouider and Majda 2006, 2007) . In this 2-layer troposphere model, we assume that diabatic heating only occurs at the midtroposphere. Since the moisture decreases upward exponentially in the tropical atmosphere and is controlled mainly by lower-tropospheric circulation (Wang 1988) , its process can be represented by the first baroclinic mode on the lowest-order assumption (Majda and Stechmann 2009) . The frictional moisture convergence in the PBL also pumps moisture and moistens the lower troposphere; thus, the Ekman pumping term can be added to the moisture equation (Wang and Rui 1990; Liu and Wang 2012a) .
In this simple model, the barotropic and baroclinic modes are defined as A 1 5 (A 2 1 A 1 )/2, and A 2 5 (A 2 2 A 1 )/2, respectively. The subscripts ''1, 2, 1, and 2'' denote the barotropic mode, baroclinic mode, upper level, and lower level, respectively. Taking C 5 50 m s
21
(the lowest internal gravity wave speed) as the reference speed, and the characteristic temporal and spatial scales as ffiffiffiffiffiffiffiffiffiffi ffi 1/Cb p 5 8:5 h and ffiffiffiffiffiffiffiffi C/b p 5 1500 km, where b represents the leading-order curvature effect of the earth at the equator. Thus, the dimensionless equations of baroclinic mode can be written as yu 2 2 T 2y 5 0,
where u 2 and y 2 are the zonal (x) and meridional (y) velocities, respectively; T 2 is temperature; and w b is the PBL Ekman pumping, which tends to moisten the low troposphere. The magnitude of the nondimensional vertical gradient of background moistureQ is taken as 0.9, which is the standard value for low-frequency motions (Yano and Emanuel 1991; Frierson et al. 2004 ).
Here G ' 0:018 ('0:2 K 21 day 21 in dimensional units), which acts as a dynamic growth/decay rate of precipitation, in response to the moisture anomaly. For simplicity, the momentum and thermal damping coefficients take the same value d in the free troposphere, which has a dimensional scale of 5 days. The standard PBL coefficient is r b 5 0.06 K 21 (Liu and Wang 2012a) .
The variable T s is the sea surface temperature (SST) and its magnitude is chosen to be 298C. Since the role of mean flow VWS (i.e., the vertical shear mechanism) (Jiang et al. 2004) , is neglected, this barotropic CMT will force the barotropic equations directly, which are written as u 1t 2 yy 1 2 T 1x 5 CMT 2 du 1 , yu 1 2 T 1y 5 0,
Over the vast area of the ocean, the PBL is well mixed and can be treated as a slab, thus it is reasonable to assume that the PBL temperature anomalies are equal to that at the top of the PBL (i.e., the lowertropospheric temperature anomalies) in this simple model (Wang 1988; Wang and Li 1994) . The PBL friction has a time scale of several hours. For the ISO that has a 30-60-day time scale, the wind tendency in the PBL is small and negligible compared to the friction term, and the steady PBL assumption is reasonable for the intraseasonal time scale (Wang and Li 1993) . Observations also show that this steady PBL assumption can well simulate the PBL Ekman pumping of ISO (Salby and Hendon 1994; Hsu and Li 2012) . When assuming that the PBL is forced by the lower-level pressure anomalies, the equations for the steady frictional PBL can be simply written as
where the lower-level temperature anomaliesT 5 T 2 1 T 1 and the subscript b denotes the PBL. The Ekman pumping w b is
where 
c. Mathematical methods
These linear equations (1)- (4) can be solved as an eigenvalue problem, or they can be integrated from an initial disturbance. After projecting them onto the zonal wavenumber-frequency space, we can obtain the eigenvalues and eigenvectors by matrix inversion. The frequency and growth rate in the eigenvalue problem are defined by the real and imaginary parts of eigenvalues, respectively. Detail of this calculation can be found in Liu and Wang (2012a) .
This projection on the zonal wavenumber-frequency space cannot represent the meridional-propagating waves, so we have to solve the initial value problem. To integrate this model, an initial wavenumber-1 Kelvin wave-like perturbation is used. The finite-difference method is adopted in both time and space. The time integration scheme is centrally differenced with a 2.5-min time step and a time-average coefficient of 0.125. For instance, on step n, any variable A n can be calculated by A n 5 A n * 1 0:125(A n11 * 1 A n21 2 2A n *), where the subscript denotes the step (number). Here, A n * and A n11 * are calculated from A n21 by the forward difference method. The spatial resolution is 2.58 longitude by 2.58 latitude, and the model domain is from 358S to 358N. Sensitivity experiments showed that different grids do not affect the results qualitatively. The zonal boundary condition is periodic around the globe, and the fluxes of mass, momentum, and heat normal to the lateral boundary all vanish.
For the initial value problem, the initial disturbance is set to have the equatorially trapped structure, and the zonal structure is wavenumber 1. The model reaches a steady state from day 30 onward. By this time, initial transient features have decayed, leaving nearly periodic disturbances that are close to steady in their respective commoving reference frames. Thus, we begin our discussion using model results from day 31 of the integration. The phase speed of northward propagation in the initial problem can be calculated by the slope of precipitation at the date line in the Northern Hemisphere.
The zonally averaged SST, as well as the vertical gradient of mean moistureQ, is assumed to be maximum at the equator, which has a meridional structure of
. We use y L 5 308 in accordance with the observation . The CMT will be controlled by the seasonal-mean VWS U, which is assumed to have a structure of
which has a meridional scale of y s 5 158. The magnitude is denoted by U 0 , and y 0 is the center of the profile. To isolate the role of asymmetric CMT, the SST is assumed to be equatorially trapped, and the northward propagation of ISO due to the subtropical maximum SST is prohibited. Figure 2 shows the eigenvalues for different VWS structures. Without the VWS and its associated CMT, this model gives a peculiar dispersion relation and selects the longest eastward-propagating mode as the most unstable mode. This is inconsistent with the results of Liu and Wang where only the baroclinic mode and the PBL process are coupled (Liu and Wang 2012a) . When the easterly VWS is included, the CMT accelerates the eastward propagation of eastward-propagating modes and reduces the instability, especially for the short waves. The CMT under the equatorially trapped easterly VWS seems to act more efficiently to accelerate the eastward propagation than the subtropical easterly VWS does. These results are reversed under the westerly VWS (not shown). This finding is based on the theoretical model, and the mechanism of CMT reducing the frictional convergence instability should be further studied by GCM experiments in the future.
Role of CMT under different VWSs: Analytical solution
Without the VWS, the strong positive equatorial temperature anomalies are sandwiched by negative subtropical temperature anomalies in front of positive convective center, and the strong upward equatorial Ekman pumping is excited there (Fig. 3a) . Thus, the PBL will pump additional moisture into the free troposphere to sustain the growth of eastward-propagating modes. In this model the PBL moisture convergence is maximum at the equator and decays poleward, which favors the growth of the Kelvin waves rather than the Rossby waves, thus the Rossby component and its cyclonic winds are relatively weak. Without the PBL, the baroclinic eddy momentum transport from synoptic-scale motions can provide an instability source for the MJO (Liu and Wang 2013) . Here, the barotropic CMT by cumulus convection will reduce the instability from the PBL moisture convergence, and this negative role of the barotropic CMT is stronger for shorter waves (Fig. 2b) , which can be explained by analyzing the horizontal structures. Because of the coupling of equatorial Rossby waves and Kelvin waves (Wang and Rui 1990) , the equatorial upward Ekman pumping is sandwiched by subtropical downward Ekman pumping in front of the positive convective center (Fig. 3a) . The inclusion of CMT under the equatorially trapped easterly VWS will accelerate the zonal wind and enhance the subtropical gyre through the geostrophic balance, which enhances the subtropical downward Ekman pumping and suppresses the equatorial upward Ekman pumping (Fig. 3b) . The subtropical gyre affected by the CMT is stronger for shorter waves. This is because the temperature-anomalyinduced Ekman pumping is much stronger in the subtropics than that at the equator for short waves (Liu and Wang 2012a) . Thus, in front of the convective center, the equatorial upward Ekman pumping is greatly reduced for short waves (Fig. 4) , and the PBL-pumped moisture for the growth of short waves is reduced by the inclusion of CMT under easterly VWS.
It is interesting that the CMT under the subtropical VWS excites asymmetric structure and the precipitation is enhanced in the Northern Hemisphere (Fig. 3c) . Under the easterly VWS of Asian summer monsoon, the CMT is much stronger in the Northern Hemisphere than in the Southern Hemisphere. The simulated temperature anomalies in the Northern Hemisphere are strong, as well as the Ekman-pumping-induced precipitation. The strong positive Ekman pumping to the northwest of positive precipitation region contributes to this asymmetric structure. Since this zonal wavenumber-frequency projection cannot represent the northward propagation of perturbation, it is necessary to integrate this model from an initial perturbation and see how this perturbation evolves. Figure 5a shows the model evolution from an initial wavenumber-1 Kelvin wave-like disturbance maximum at the equator, which has a horizontal structure of exp(2y 2 /2) sin(2px/L), where L is the nondimensional circumference at the equator. Under the easterly VWS of Asian summer monsoon, a northwest-southeast-tilted rainband is simulated. A robust northward propagation causes this tilt. The simulated northward propagation has a phase speed of 0.778 day
Role of CMT under different VWSs: Initial value problem
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, which is inconsistent with the observed 0.758 day 21 of the BSISO over the Indian Ocean (K10). In Fig. 5a , positive precipitation near the equator is accompanied by negative precipitation to its north. The CMT, in phase with the precipitation under the easterly VWS, produces a meridional dipolelike wind tendency spanning this dipole precipitation structure, which excites upward Ekman pumping to the north of the positive convective center. The moisture pumped by this Ekman pumping enhances the precipitation to the north of the original precipitation and induces the northward propagation. Although the initial perturbation has a Kelvin wavelike structure, this model under the asymmetric easterly VWS selects the Rossby wave-like mode as the fastest growing mode.
As noted by many previous works, the barotropic vorticity effect is the dominant mechanism for the northward propagation of the BSISO (Jiang et al. 2004; DeMott et al. 2013 ). The CMT under the easterly VWS of Asian monsoon also tends to accelerate the barotropic vorticity to the north of the BSISO convective center, which favors the northward propagation of the BSISO through exciting the upward Ekman pumping.
In Fig. 5a , the strong precipitation centered in the monsoon region will also initiate precipitation with a negative phase near the equatorial region through local self-initiated mechanism (Jiang and Li 2005; Liu and Wang 2012c) . Thus, the oscillation period of the BSISO is determined by the phase speed of northward propagation. In this simple theoretical model, the northward propagation speed is parameter dependent. In Table 1 , we show that strong easterly VWS will increase the CMT and accelerate the northward propagation as well. The northward propagation caused by the CMT is steady with respect to the PBL friction E, and sensitivity experiments showed that when the PBL friction changes from 0.5 day to 1 day, the northward propagation speed is only decreased by 0.058 day 21 .
The northward propagation also depends on the location of the easterly VWS (Fig. 5) . When the easterly VWS is symmetric about the equator (Fig. 5c) , it excites symmetric positive Ekman pumping to both sides of the equatorial precipitation, and the model still simulates FIG. 4 . Relationship between moisture and Ekman pumping of unstable modes in Fig. 2 . Normalized lower-level moisture anomalies (shading), with Ekman pumping (contour) of experiments under equatorial easterly VWS for (a) wavenumber 1 and (b) wavenumber 4. Dark (gray) thick lines denote the upward (downward) Ekman pumping. The contour interval is one-third of the magnitude, and zero contours are not drawn.
the Gill-like pattern (Gill 1980) , although the subtropical signal is enhanced. When the mean easterly VWS moves to the Northern Hemisphere and y 0 5 58N (Fig. 5b) , this symmetry is destroyed and a southeastnorthwest-tilted rainband is simulated. Because the CMT and excited Ekman pumping in the Northern Hemisphere are stronger than those in the Southern Hemisphere, the enhanced subtropical Rossby waves emanating from the eastward-propagation forms this tilted rainband (Wang and Xie 1997; Lawrence and Webster 2002; Hsu et al. 2004 ). The northward propagation of the rain belt is evident in both cases (Figs. 5b,c) , and the subtropical VWS also accelerates the eastward propagation by decreasing the equatorial upward Ekman pumping and growth rate. The eastwardpropagation speeds of simulated modes under the equatorial and subtropical VWS are 9.7 and 12.0 m s 21 , respectively, and modes with subtropical VWS have fast phase speed. This result is different from that of Fig. 2 , in which no meridional propagation exists and modes with equatorial VWS have fast phase speed. Associated with the strong northward propagation, the eastward propagation is very fast (Fig. 5a ). When the VWS is maximum at 58N, the weak northward propagation also accelerates the eastward propagation (Fig. 5b) . When the easterly VWS moves farther north of y 0 5 108N (Fig. 5a ), this model is dominated by the northward propagation of perturbation. Because the CMT and its Ekman pumping reach their maxima at 108N, they produce strong precipitation to the north of the equatorial precipitation and the dominant northward propagation appears. In boreal summer, the maximum SST is located at 208N over the northern Indian Ocean. This asymmetric SST prefers enhancing the Rossby wave component of the ISO Liu et al. 2015) , because the time-mean intertropical convergence zone (ITCZ) is set by the SST and is located away from the equator (Lindzen and Nigam 1987; Sobel 2007) . To compare the roles of the asymmetric SST and CMT in the BSISO, sensitivity experiments with maximum SST in the subtropics or at the equator are carried out (Fig. 6) , and the SST structures and amplitudes are the same as other experiments. When the maximum SST moves northward, the Rossby wave component is enhanced (Figs. 6a,b) , which is inconsistent with the theoretical results Liu et al. 2015) . Over this asymmetric SST, the northward propagation is simulated. The SST-induced northward propagation, however, is mainly caused by the Rossby wave emanation mechanism (Wang and Xie 1997; Lawrence and Webster 2002) . This northwardpropagation speed, with values below 0.28 day 21 , is determined by the eastward propagation of the simulated signal and is slow compared to the observed northward propagation of about 0.758 day 21 . When the subtropical CMT is also included, a significant northward propagation with a speed of 0.658 day 21 is simulated (Fig. 6c) . These experiments mean that in this simple model, the barotropic CMT is more sufficient in inducing the northward propagation of ISO than the asymmetric SST.
Conclusions
Recent multimodel analysis of the MJO revealed that the coupling of PBL moisture convergence and freetropospheric convection may be important for MJO simulation, which means that the instability from the PBL is important for understanding the ISO (Jiang et al. 
2015
). Under the easterly VWS, the CMT will suppress the instability induced by PBL moisture convergence and accelerate the eastward propagation, especially for short waves; this is the new mechanism we use to explain why the MJO prefers the planetary scale. We view examination of this scale-selection mechanism in GCMs as a target for future study.
This work also presents that the CMT by cumulus convection can induce the northward propagation of the BSISO through exciting the barotropic vorticity to the north of the BSISO. Figure 7 summarizes this mechanism for the generation of upward Ekman pumping to the north of the BSISO due to barotropic CMT. Under the easterly VWS of Asian summer monsoon, the CMT caused by positive convection of the BSISO tends to accelerate the barotropic westerly wind. The negative convection or downward motion to the north of this BSISO, however, is going to accelerate the barotropic easterly wind. Thus, a positive barotropic vorticity tendency is induced to the north of the BSISO convective center, which should excite upward Ekman pumping and prepare enough moisture for the northward propagation of the BSISO. The mechanism behind possible CMT impact on the northward propagation described in this study is different from that in K10. K10 stressed the importance of the baroclinic secondary circulation induced by cumulus friction, which results in lower-tropospheric convergence to the north of convection; their simulated northward propagation, however, is too weak compared to the observation. This study emphasizes the importance of the barotropic CMT for the northward propagation of the BSISO.
In this paper, we only focused on the role of the CMT and neglected another important mechanism for the northward propagation of the ISO, the vertical shear mechanism proposed by Jiang et al. (Jiang et al. 2004 ) and Drbohlav and Wang (Drbohlav and Wang 2005) . They argued that the generation of barotropic vorticity due to coupling between atmospheric baroclinic and barotropic modes in the presence of vertical shear in the mean flow causes moisture convergence in the PBL, which leads to the northward shift of convection. This barotropic vorticity can also be effectively generated by the upward transport of westerly momentum by cumulus convection over the Indian monsoon region during the boreal summer. In future, these two mechanisms should be compared using the same model by adding both the advection and CMT terms.
In recent global 7-km cloud-resolving model simulation (Miyakawa et al. 2012 ) and observation analysis based on the NOAA/Climate Forecast System Reanalysis (CFSR) (Oh et al. 2015) , the CMT showed a 3-layer structure: positive momentum tendency anomalies near the surface, negative (positive) in the lower to midtroposphere, and strong positive (negative) in the FIG. 7 . Schematic diagram showing the mechanism for the generation of upward Ekman pumping to the north of the BSISO due to barotropic CMT. Dark (gray) clouds denote the positive (negative) convection of BSISO, and the broad blue arrows denote barotropic CMT. The red upward arrows denote upward Ekman pumping due to the cyclonic barotropic CMT.
upper troposphere were found within and to the west (to the east) of the MJO convection. This means CMT not only has the barotropic mode but also has a baroclinic mode. Over the convective center, the baroclinic CMT should accelerate the lower-tropospheric easterly wind and produce anticyclonic wind anomalies to the north of the convective center, which may be a negative feedback in the northward propagation of BSISO. The observed positive PBL CMT and positive barotropic CMT in convective center supports our strong barotropic mode assumption. In this paper, we focused on demonstrating the role of the barotropic CMT. A more realistic 3-layer vertical structure, instead of this simple 2-layer model, should be tested in the future.
These results imply that accurate simulation of the mean state in the GCM is important to capture the realistic CMT by cumulus convection, which is important for ISO simulation. In a recent study (Hung et al. 2013) , the improved tropical intraseasonal variability in two Coupled Model Intercomparison Project phase 5 (CMIP5) models with CMT included (i.e., CCSM4 and CNRM-CM5) as compared to their CMIP3 versions suggests the potential importance of CMT (Yukimoto et al. 2012; Zhou et al. 2012) . The role of CMT in the ISO should be further studied in more CMIP5 models.
